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1  | INTRODUC TION
The fundamental purpose of sleep remains an active topic of 
debate, although there is agreement that it is crucial for optimal 
functioning of the brain’s cognitive domains, which are adversely 
affected by poor or insufficient sleep (Hobson, 2005). Cognitive 
functions arise from complex interactions between distributed 
brain regions, processes which can be investigated noninvasively 
in the human brain using functional MRI (fMRI). In particular, 
functional connectivity (FC) examines the temporal correlation 
between the activity of different brain regions and has proved 
to be an important tool to characterize brain function (Buckner, 
Krienen, & Yeo, 2013) During sleep, FC tends to reduce, indi‐
cating a loss of the regional interactions that support cognitive 
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Abstract
Introduction: Prior sleep behavior has been shown to correlate with waking resting‐
state functional connectivity (FC) in the default mode network (DMN). However, the 
impact of sleep history on FC during sleep has not been investigated. The aim of this 
study was to establish whether there is an association between intersubject variabil‐
ity in habitual sleep behaviors and the strength of FC within the regions of the DMN 
during non‐rapid eye movement (NREM) sleep.
Methods: Wrist actigraphy and sleep questionnaires were used as objective and sub‐
jective measures of habitual sleep behavior, and EEG‐functional MRI during NREM 
sleep was used to quantify sleep.
Results: There was a significant, regionally specific association between the interin‐
dividual variability in objective (total sleep time on the night before scanning) and 
subjective	(Insomnia	Severity	Index)	measures	of	prior	sleep–wake	behavior	and	the	
strength of DMN FC during subsequent wakefulness and NREM sleep. In several 
cases, FC was related to sleep measures independently of sleep stage, suggesting 
that previous sleep history effects sleep FC globally across the stages.
Conclusions: This work highlights the need to consider a subject’s prior sleep history 
in studies utilizing FC analysis during wakefulness and sleep, and indicates the com‐
plexity of the impact of sleep on the brain both in the short and long term.
K E Y W O R D S
default mode network, functional connectivity, functional MRI, habitual sleep behavior, sleep
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functions (Duyn, 2012; Picchioni, Duyn, & Horovitz, 2013). The 
default mode network (DMN), a set of regions which are relatively 
deactivated	during	active	 task	performance	 (Fox,	Zhang,	Snyder,	
&	Raichle,	2009),	has	been	shown	to	have	 the	most	pronounced	
alterations to FC with sleep onset, with the most consistent obser‐
vations being a reduction in FC between the frontal regions and 
those more posterior (Horovitz et al., 2008; Larson‐Prior et al., 
2009,	2011;	Sämann	et	al.,	2011;	Spoormaker,	Gleiser,	&	Czisch,	
2012; Uehara et al., 2014; Wilson et al., 2015).
In addition to changes in FC following sleep onset, past sleep 
behaviors including habitual sleep duration estimated from wrist 
actigraphy (Khalsa et al., 2016) and experimentally induced, acute 
sleep	deprivation	(De	Havas,	Parimal,	Soon,	&	Chee,	2012;	Gujar,	
Yoo,	Hu,	&	Walker,	2010;	Sämann	et	al.,	2010;	Yeo,	Tandi,	&	Chee,	
2015) have been linked with reductions in DMN FC during wake‐
fulness. The variability of subjective measures of sleep across par‐
ticipants has also been shown to be associated with differences 
in	their	waking	FC,	including	self‐reported	total	sleep	time	(TST)	
the	 previous	 night	 (Killgore,	 Schwab,	&	Weiner,	 2012)	 and	 level	
of daytime sleepiness (Ward et al., 2013). In particular, daytime 
sleepiness has been associated with reduced FC in regions of the 
DMN (Ward et al., 2013) and the thalamus (Killgore et al., 2015).
To date, there has been no examination of the potential links be‐
tween prior sleep history and the subsequent FC during sleep. The 
fact that prior sleep history is informative about waking FC, and the 
differences in sleep architecture that are observed between nor‐
mal sleep and recovery sleep following sleep deprivation (Bonnet, 
2005;	Bonnet,	Berry,	&	Arand,	1985;	Borbély	&	Achermann,	1999;	
Brunner,	Dijk,	Tobler,	&	Borbély,	1990),	leads	us	to	hypothesize	that	
differences in habitual sleep patterns across individuals will be re‐
flected in differences in FC during sleep. As the DMN shows the 
most pronounced changes in FC following sleep onset, and during 
wakefulness in relation to prior sleep history, we focussed on the 
functional interactions within the DMN. In addition, we hypothesize 
that during the different sleep stages FC is likely to be differentially 
related to objective and subjective measures of habitual sleep.
2  | METHODS AND MATERIAL S
2.1 | Experimental design
Twenty‐one healthy participants (10 male, 25 ± 3 years) with no 
reported history of neurological, psychiatric, or sleep disorders 
completed the study. Participants’ habitual sleep patterns were 
monitored with a written self‐reported sleep diary and wrist ac‐
tigraphy (Actiwatch 2, Philips, Respironics®) for two weeks prior 
to the scanning session. To assess sleep quality, daytime sleepi‐
ness, and insomnia symptoms, participants also completed the 
Pittsburgh	 Sleep	 Quality	 Index	 (PSQI)	 (Buysse,	 Reynolds,	 Monk,	
Berman,	 &	 Kupfer,	 1989),	 Epworth	 Sleepiness	 Scale	 (ESS)	 (Johns,	
1991),	and	the	Insomnia	Severity	Index	(ISI;	Bastien,	2001)	question‐
naires. Five subjects were excluded for either failing to sleep (three 
subjects), excessive movement (one subject), or technical problems 
during electroencephalography (EEG)‐fMRI acquisition (one sub‐
ject), resulting in a final analyzed cohort of sixteen subjects (eight 
male, 26 ± 3 years). The study was approved by the University of 
Birmingham Ethics Committee.
2.2 | Sleep measures
Actigraphy has been shown to correspond with polysomnographic 
classification of sleep in the healthy adult population (Ancoli‐Israel 
et	al.,	2003;	Sadeh,	2011),	with	a	90%	concordance	 (Sadeh,	Hauri,	
Kripke,	&	Lavie,	1995),	and	thus	is	an	accurate	and	noninvasive	way	
to assess prolonged, habitual sleep habits at home. The raw actigra‐
phy data were firstly compared with the sleep diary for consistency, 
and	two	measures	of	TST	(in	minutes)	were	calculated	for	each	sub‐
ject:	two‐week	average	(ATST)	and	the	TST	specifically	on	the	night	
before	scanning	(BTST).
Subjective	 sleep	 questionnaires	were	 scored	 according	 to	 each	
validated	procedure	(PSQI,	ESS,	and	ISI),	with	higher	scores	indicating	
more sleep difficulties or presence of daytime sleepiness. All mea‐
sures were standardized (z‐scored).	See	Table	1	for	the	sleep	measure	
demographics. All measures were correlated to investigate the asso‐
ciation between each of the objective and subjective sleep measures.
2.3 | EEG‐fMRI data
Neuroimaging has become an increasingly important objective tool 
for studying the brain during sleep itself (Dang‐Vu, 2012; Duyn, 2012), 
with the combined recording of EEG and fMRI (EEG‐fMRI) particularly 
useful	 for	 linking	 standard	EEG‐based	 sleep	 staging	 (AASM,	2007)	
with spatially localized changes in brain function and FC (Wilson et 
al., 2015). EEG‐fMRI data were simultaneously acquired. EEG data 
were recorded from 62 Ag/AgC1 MR‐compatible EEG electrodes 
(EasyCap), with electrodes placed below the left clavicle or on the 
participant’s back to record the electrocardiogram and an additional 
electrode placed below the left eye to record the electrooculogram. 
The reference electrode was positioned at FCz, and the ground elec‐
trode was positioned at AFz. EEG data were acquired at a sampling 
TA B L E  1   Demographic information of objective and subjective 
sleep measures (N = 16)
Sleep 
measures Mean Median SE SD Range
Objective:	Actigraphy	(mins)
ATST 397.1 402.5 ±10.1 ±40.4 316–457
BTST 354.1 358 ±23.0 ±92.1 120–481
Subjective:	Questionnaires
PSQI 4.6 4.5 ±0.5 ±1.9 1–7
Epworth 6.4 6.0 ±1.0 ±3.9 0–14
ISI 4.3 4.0 ±0.7 ±2.7 0–9
ATST:	 Average	 total	 sleep	 time;	 BTST:	 Before	 total	 sleep	 time;	 PSQI:	
Pittsburgh	Sleep	Quality	Index;	ISI:	Insomnia	Severity	Index.
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rate	of	5	kHz,	with	hardware	filters	0.016–250	Hz,	using	MR‐compat‐
ible BrainAmp MR‐plus EEG amplifiers (Brain Products, Germany). 
Impedance at all recording electrodes was maintained below 20kΩ. 
The EEG clock was synchronized to the MR scanner clock to ensure 
consistent sampling of the gradient artifact (Mandelkow, Halder, 
Boesiger,	&	Brandeis,	2006).	A	3T	Philips	Achieva	MRI	Scanner	with	a	
32‐channel head coil was used. Participants wore earplugs and head‐
phones to minimize acoustic noise, and their head was supported 
with foam padding to minimize motion artifacts.
Subjects	were	asked	to	sleep	throughout	the	scan	session	and	to	
signal using the internal buzzer if they were unable to do so or when 
they wished to terminate the session. No sleep deprivation protocol 
was used, and the scanning session took place at the subject’s usual 
bedtime (between 22:00 and 00:00) to try to promote normal sleep. 
An initial T1‐weighted anatomical scan (1 mm isotropic resolution) 
was acquired before whole brain T2*‐weighted fMRI data (1,250 
volumes, 3 × 3 × 4 mm voxels, TR = 2,000 ms, 32 slices, TE = 35 ms, 
flip	angle	80°,	SENSE	factor	=	2)	were	acquired	in	consecutive	scans	
lasting just over 40 min each. Participants underwent between one 
and three fMRI scans as determined by their indication to terminate 
the session.
Respiratory and cardiac fluctuations were recorded using a pneu‐
matic belt and a vectorcardiogram (VCG), both acquired at sampling 
rate of 500 Hz by the scanner hardware. MR gradient and ballisto‐
cardiogram artifacts were removed from the EEG using average arti‐
fact subtraction in BrainVision Analyzer 2 (Brain Products, Munich). 
The VCG R‐peak markers were aligned with the EEG data and used 
for pulse artifact correction (Mullinger, Morgan, & wtell, 2008). EEG 
data were then divided into nonoverlapping thirty‐second epochs 
and manually sleep staged by an experienced electroencephalog‐
rapher using a standard sleep montage according to the American 
Association	of	Sleep	Medicine	criteria	(AASM,	2007).
2.4 | fMRI preprocessing and FC analysis
fMRI data were preprocessed according to standard methodol‐
ogy	to	prepare	for	FC	analysis	(Fox	et	al.,	2005),	using	FSL	(FMRIB	
Software	Library,	http://www.fmrib.ox.ac.uk/fsl,	Smith	et	al.	2004)	
and	MATLAB	(MathWorks,	USA).	Data	were	motion	corrected	using	
MCFLIRT, spatially smoothed (using a 6‐mm Gaussian kernel), and 
temporally	band‐pass	 filtered	 (0.009	<	Hz<0.08).	RETROICOR	was	
used (Glover, Li, & Ress, 2000) to reduce the impact of non‐neuronal 
physiological noise associated with breathing and cardiac fluctua‐
tions, and further potential confound signals (six motion parameters 
of head rotation and translation, white matter, and cerebrospinal 
fluid signals) were removed using multiple linear regression.
Following previous methodology (Khalsa et al., 2016; Khalsa, 
Mayhew, Chechlacz, Bagary, & Bagshaw, 2014), regions of interest 
(ROIs)	were	identified	from	a	group	independent	component	analy‐
sis of a separate data cohort to ensure a canonical definition of the 
key nodes of the DMN (Figure 1). The DMN regions (see Table 2 
for MNI coordinates) included the following: posterior cingulate cor‐
tex (PCC), mesial prefrontal cortex (mPFC), left inferior parietal lobe 
(LIPL), right inferior parietal lobe (RIPL), left temporal lobe, and right 
temporal lobe (RTL). FC analysis was calculated using Pearson cor‐
relation and Z‐scores	 calculated	 between	 each	 pair	 of	DMN	ROIs	
using	a	nonoverlapping	30‐s	sliding	window	of	the	BOLD	time	se‐
ries (Wilson et al., 2015). Within participants, each of these 30‐s FC 
matrices was paired to the corresponding EEG‐defined sleep stage, 
pooled by stage, and then averaged across subject epochs.
2.5 | Statistical analysis
All statistical analyses were conducted on the standardized FC val‐
ues (Z‐scores)	using	SPSS.	Data	were	normally	distributed	according	
F I G U R E  1   Default mode network regions of interest
TA B L E  2   Peak voxel coordinates for each regions of interest 
defined by the group ICA
Network Region
MNI coordinates
X Y Z
Default mode 
network (DMN)
Posterior cingulate 
(PCC)
2 −54 32
Prefrontal cortex 
(mPFC)
2 50 4
Left inferior parietal 
lobe (LIPL)
−50 −70 36
Right inferior parietal 
lobe (RIPL)
50 −70 36
Left temporal lobe 
(LTL)
−62 −12 −20
Right temporal lobe 
(RTL)
54 0 −32
ICA: independent component analysis; MNI: Montreal neurological 
institute.
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to	tests	of	normality	(Shapiro–Wilk),	as	such	a	repeated‐measures	
ANOVA	assessed	FC	strength	as	a	 factor	of	 regional	paired	con‐
nections	 (ROI),	 sleep	 stage	 (wake,	 N1,	 and	 N2),	 and	 subsequent	
ROI–stage	interactions	within	the	DMN.	Finally,	a	repeated‐meas‐
ures	analysis	of	covariance	with	factors	ROI,	Stage,	and	ROI*Stage	
was	conducted	including	each	sleep	measure	(PSQI,	ESS,	and	ISI)	
as a covariate in the model as a predictor of FC strength. If the 
covariate was found to significantly interact with the overall FC 
or any of the factors, subjects were median split into two groups 
for that sleep measure for descriptive purposes. A false discovery 
rate was calculated to control for multiple comparisons (Benjamini 
&	Hochberg,	1995).	Finally,	if	the	Mauchly’s	test	indicated	a	viola‐
tion of the assumption of sphericity within any of the models, the 
Epsilon	Greenhouse–Geisser	correction	was	reported.
3  | RESULTS
Relationships between the measures of sleep behavior from 
Table 1 were investigated using Pearson correlation. The only 
significant positive correlation was between average total 
sleep	time	 (ATST)	and	before	total	sleep	time	 (BTST)	 (r = 0.515, 
p = 0.041), while all other correlations were nonsignificant. This 
is consistent with the often reported disagreement between ob‐
jective and subjective assessments of sleep (Baker, Maloney, & 
Driver,	1999).
We recorded a total of 2,433 thirty‐second epochs of data during 
EEG‐fMRI,	714	epochs	of	wake	(~5	hr),	1,209	epochs	of	N1	(~10	hr),	510	
epochs	of	N2	(~4	hr),	and	69	epochs	of	N3	(~30	min).	Due	to	the	limited	
number of N3 epochs recorded in the current dataset and their uneven 
distribution across subjects, N3 was not analyzed further.
3.1 | FC changes with sleep stage
An	ANOVA	found	a	significant	effect	of	ROI	on	the	FC	of	 the	DMN	
(F(14,154) = 22.151, p	<	0.001,	ɳ2	=	0.67).	Although	Stage	was	not	found	
to be significant (F(2,22) = 2.521, p	=	0.103,	ɳ2	=	0.19),	there	was	a	sig‐
nificant	ROI*Stage	interaction	(F(28,308)	=	1.921,	p	=	0.004,	ɳ2 = 0.15) 
suggesting that changes to DMN FC with sleep stage are regionally spe‐
cific. Pairwise comparisons revealed a significant FC increase for the 
PCC‐TL between N1 and N2 (p = 0.024), while FC decreased for the 
mPFC‐lIPL between wake and N1 (p = 0.028) and N2 (p = 0.043) and 
for the mPFC‐rIPL between wake and N1 (p = 0.018). The bilateral TL 
significantly increased FC between wake and N2 (p = 0.03).
3.2 | FC association with objective sleep measures
3.2.1 | Average total sleep time
The	ATST	across	the	2	weeks	prior	to	the	sleep	scan	was	not	signifi‐
cantly associated with FC, suggesting that the average nightly sleep 
duration may not be an influencing factor in FC changes during sub‐
sequent sleep.
3.2.2 | Night before total sleep time
Variability in sleep duration during the night before the sleep scan 
(BTST)	was	 significantly	 related	 to	 the	 intersubject	 FC	within	 the	
F I G U R E  2   Before total sleep time in minutes and regions of interest interactions upon the strength of functional connectivity within the 
default	mode	network,	*Significant	pairwise	connection	p	<	0.05	after	false	discovery	rate
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DMN. Before total sleep time significantly interacted only with the 
main	 effect	 of	 ROI	 (p = 0.002), with pairwise comparisons finding 
significantly different FC restricted to the PCC, and specifically PCC 
connections to mPFC, bilateral IPL regions, and RTL (Figure 2). For 
these	regions,	less	BTST	was	associated	with	greater	FC,	regardless	
of	 Stage	 (i.e.,	 the	 association	 between	 BTST	 and	 FC	was	 not	 im‐
pacted by sleep onset or the transition from N1 to N2).
Neither	ESS	nor	PSQI	scores	were	significantly	associated	with	
FC within the DMN suggesting that self‐reported sleep quality and 
sleepiness	were	not	related	to	FC	changes	during	sleep.	The	ISI	score	
was significantly related to FC, as indicated by a significant interac‐
tion	with	ROI	 (p	=	0.007),	 suggesting	 that	 the	 ISI	 score	 associated	
differentially with the FC of the DMN regions. Pairwise comparisons 
revealed that the RTL FC (to all other DMN regions) was significantly 
associated	with	greater	ISI	scores,	see	Figure	3.
4  | DISCUSSION
While FC changes with sleep stage have been well documented 
(Hale	et	al.,	2016;	Horovitz	et	al.,	2009;	Larson‐Prior	et	al.,	2009,	
2011;	 Spoormaker	 et	 al.,	 2010;	 Spoormaker,	 Czisch,	 Maquet,	
& Jancke, 2011), the primary aim of our study was to investigate 
whether these changes were related to objective and subjective 
measures of prior sleep. In accordance with these previous reports, 
we found FC changes with sleep onset and the transition between 
early non‐rapid eye movement (NREM) sleep stages within the 
DMN. Furthermore, we have shown that interindividual variability 
in	both	objective	and	subjective	measures	of	prior	sleep–wake	be‐
havior was associated with FC during subsequent wakefulness and 
NREM sleep. In addition, just as changes in FC with sleep stage are 
not homogenous across the brain (e.g., Larson‐Prior et al., 2011), 
neither	are	the	associations	between	sleeping	FC	and	prior	sleep–
wake behavior. Interestingly, in several cases FC was related to sleep 
measures independently of sleep stage, suggesting FC has contri‐
butions from longer term historical sleep behavior that are as pro‐
nounced as the more dynamic effects relating to sleep stage. This 
highlights the advantages of considering both objective and subjec‐
tive measures of a subject’s prior sleep history in studies utilizing FC 
analysis during wakefulness and sleep, and indicates the complexity 
of the impact of sleep on the brain both in the short and long term.
4.1 | Objective sleep measures and DMN FC 
during sleep
Wrist actigraphy was the main objective measurement used in the cur‐
rent	study	to	assess	sleep–wake	behavior.	The	ability	of	actigraphy	to	
predict FC within the DMN, specifically when seeding in the mPFC, has 
previously been demonstrated during wake (Khalsa et al., 2016). The 
current study also found actigraphy measures to be predictive of the 
FC between regions within the DMN during sleep. Thus, habitual sleep 
patterns appear to be related to the FC of resting brain networks. To 
our knowledge, the association between FC during sleep and previous 
sleep history has not been investigated, and this is the first study to 
demonstrate a link between what happens in the brain during sleep 
and	 previous	 sleep–wake	 history.	While	 waking	 behavior	 has	 been	
F I G U R E  3   Insomnia	Severity	Index	by	regions	of	interest	interaction	upon	the	functional	connectivity	strength	within	the	default	mode	
network,	*Significant	pairwise	connection	p	<	0.05	after	false	discovery	rate
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shown to impact on the brain during sleep, for example with slow wave 
activity across cortical areas being linked to the level of prior activity in 
wake (Huber et al., 2006), similarly our observations highlight that FC 
during sleep is linked and modulated by prior sleep behaviors.
The total amount of sleep on the night before the scanning ses‐
sion	(BTST)	was	related	to	greater	FC	across	the	majority	of	DMN	
regions, with greater FC associated with a shorter sleep duration. 
This effect was regionally dependent, being specific to FC of the 
PCC to other DMN regions, and also observed as an interaction 
between	BTST	and	ROI,	rather	than	with	Stage.	This	suggests	that	
the	 association	 between	BTST	 and	 FC	was	 not	 impacted	 by	 the	
transitions between wake and sleep, or between sleep stages. The 
importance of prior sleep for PCC FC is supported by previous re‐
search showing reductions in PCC FC with increased sleep pres‐
sure	 from	partial	 sleep	deprivation	 (Sämann	et	al.,	2010),	 as	well	
as further reductions in DMN FC more generally with sleep depri‐
vation during wake (Gujar et al., 2010; Yeo et al., 2015). We show 
that this decrease in DMN FC with increased sleep pressure is dif‐
ferent when sleep itself is included, with less sleep the night before 
scanning associated with higher FC. This interpretation in terms of 
sleep pressure relies upon the assumption that people with shorter 
sleep duration have a sleep debt and hence increased sleep pres‐
sure, a link which has been observed and suggested to be the result 
of variation in sleep duration between individuals driven by self‐
selected sleep restriction (Klerman & Dijk, 2005). Interestingly, 
both time of day and sleep deprivation have been shown to impact 
waking FC within the DMN, with increased FC strength in wake 
following sleep deprivation (Kaufmann et al., 2015). In addition, FC 
changes in the DMN in people with insomnia were found to be sig‐
nificantly negatively correlated with sleep efficiency, that is, indi‐
viduals with poor sleep efficiency were more likely to have greater 
FC in the DMN during wake (Regen et al., 2016).
The current study is the first to suggest that FC during sleep is also 
influenced by prior sleep habits, and, assuming the link between sleep 
duration and sleep debt, it would suggest that increased sleep pressure 
(i.e., shorter sleep duration) increases DMN FC during subsequent sleep. 
However,	the	lack	of	a	significant	effect	of	sleep	stage	on	the	BTST	makes	
this a speculation which must be clarified in future studies, with further 
research needed to directly compare FC between daytime wake and 
during sleep as a function of sleep debt, to identify a potential switch in 
FC	strength.	Interestingly,	ATST	was	not	predictive	of	FC	during	sleep	for	
the DMN, suggesting that either it is not a sensitive measure of variability 
in	sleep	history	or	only	recent	sleep	(i.e.,	BTST)	impacts	on	DMN	FC.
4.2 | Subjective measures and the DMN FC 
during sleep
There are several ways of quantifying sleep subjectively, and the 
current study used three of the most common ones for clinical ap‐
plications:	the	PSQI	(Buysse	et	al.,	1989),	ESS	(Johns,	1991),	and	the	
ISI	(Bastien,	2001).	Of	these,	only	the	ISI	was	found	to	be	predictive	
of differences in DMN FC, specifically FC of the RTL to all regions 
within the DMN was reduced in subjects reporting a greater level of 
insomnia symptomatology. Although none of our participants explic‐
itly experienced insomnia itself, our observation is consistent with the 
theory that DMN FC could be linked with insomnia more than other 
brain networks (Marques, Gomes, Caetano, & Castelo‐Branco, 2018). 
It has also been suggested that the subjective experience of insom‐
nia is associated with overactivation within the DMN, particularly the 
PCC, during NREM sleep (Buysse, Germain, Hall, Monk, & Nofzinger, 
2011).	 The	 association	 between	 ISI	 scores	 and	 TL	 FC,	 a	 region	 in‐
volved	 in	memory	function	 (Alvarez	&	Squire,	1994),	could	underlie	
the impairments in memory performance noted in people with insom‐
nia (Backhaus et al., 2006; Nissen et al., 2006, 2011). Thus, the find‐
ing that reduced FC of the TL during sleep is associated with greater 
reported symptoms of insomnia requires further investigation.
It is important to note that none of the participants exceeded the 
diagnostic criteria for insomnia, and as such, the statistically signifi‐
cant result in our study cannot be interpreted as clinically meaningful. 
However, insomnia symptoms are highly prevalent in the nonclinical 
population	(Ohayon,	2002;	Ohayon	&	Reynolds,	2009)	and	are	associ‐
ated	with	daytime	impairments	including	in	memory	(Ohayon,	2009).	
A recent study focusing on waking DMN FC in individuals with in‐
somnia did not find any significant differences compared with healthy 
controls or an association with subjective measures of sleep efficiency 
(Regen	et	al.,	2016).	Our	observations	may	suggest	that	FC	differences	
in insomnia could be more pronounced during sleep rather than in 
wake. While a different pathology, the idea that the change in state 
from wakefulness to sleep can uncover FC differences between pa‐
tient groups and healthy participants is supported by our recent work 
in idiopathic generalized epilepsy (Bagshaw et al., 2017). Additionally, 
the current study was limited in not being able to assess slow wave 
sleep, which is understood to be both important for memory con‐
solidation and is influenced by insomnia (Diekelmann & Born, 2010). 
Therefore, the relationship with clinical insomnia and the assessment 
of	DMN	FC	in	SWS	are	both	interesting	areas	for	future	investigation.
4.3 | Methodological considerations and 
future research
The current study is limited to the first few cycles of sleep, and FC could 
differ in the relationship to prior sleep measures in later cycles. Indeed, 
fMRI differences have been noted across N1 cycles (Picchioni et al., 
2008). Therefore, future work to assess the variability in FC within 
an EEG‐classified sleep stage is an important question which can be 
assessed using the dynamic FC analysis that we have employed. In ad‐
dition, extending scanning to later in the night or continually across 
the whole night would enable an even greater idea of the FC changes 
occurring during sleep and their relationship with prior sleep behavior, 
although this presents a challenge within the scanner environment.
5  | CONCLUSION
FC of the DMN is associated with objective and subjective measures 
of prior sleep history in a regionally specific manner. While sleep 
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onset is associated with changes to FC of the DMN, differences 
in FC are also predicted by the characteristics of an individual’s 
prior sleep. This suggests independent contributions to variability 
in FC from dynamic, state‐dependent processes as well as more 
stable, trait‐like features. This finding has implications for our un‐
derstanding	of	 the	 cumulative	effects	of	 the	 sleep–wake	cycle	on	
brain function, suggesting that FC may reflect more cumulative or 
historical	 information	 about	 the	 sleep–wake	 cycle	 than	previously	
thought. This may influence FC studies focusing on clinical popula‐
tions known to experience cumulative sleep deprivation or disrup‐
tion (e.g., psychiatric disorders or neurogenerative disease) (Wulff, 
Gatti, Wettstein, & Foster, 2010). In particular, further research into 
sleep FC with those diagnosed with insomnia could provide valuable 
insights into the mechanism of cognitive and behavioral changes as‐
sociated with the condition.
ORCID
Andrew P. Bagshaw  https://orcid.org/0000‐0001‐6217‐1292 
R E FE R E N C E S
AASM	 (2007).	The AASM manual for the scoring of sleep and associated 
events: rules, terminology and technical specifications. Westchester, IL: 
American	Academy	of	Sleep	Medicine.
Alvarez,	P.,	&	Squire,	L.	R.	(1994).	Memory	consolidation	and	the	medial	
temporal lobe: A simple network model. Proceedings of the National 
Academy of Sciences of the United States of America, 91(15),	 7041–
7045.	https://doi.org/10.1073/pnas.91.15.7041
Ancoli‐Israel,	 S.,	 Cole,	 R.,	 Alessi,	 C.,	 Chambers,	 M.,	 Moorcroft,	 W.,	 &	
Pollak, C. P. (2003). The role of actigraphy in the study of sleep and 
circadian rhythms. Sleep, 26(3),	 342–392.	 https://doi.org/10.1093/
sleep/26.3.342
Backhaus, J., Junghanns, K., Born, J., Hohaus, K., Faasch, F., & Hohagen, 
F. (2006). Impaired declarative memory consolidation during sleep in 
patients with primary insomnia: Influence of sleep architecture and 
nocturnal cortisol release. Biological Psychiatry, 60(12),	1324–1330.	
https://doi.org/10.1016/j.biopsych.2006.03.051
Bagshaw,	A.	P.,	Hale,	J.	R.,	Campos,	B.	M.,	Rollings,	D.	T.,	Wilson,	R.	S.,	
Alvim,	 M.	 K.	 M.,	 …	 Cendes,	 F.	 (2017).	 Sleep	 onset	 uncovers	 tha‐
lamic abnormalities in patients with idiopathic generalised epilepsy. 
NeuroImage: Clinical, 16(July),	 52–57.	 https://doi.org/10.1016/j.
nicl.2017.07.008
Baker,	 F.	C.,	Maloney,	 S.,	&	Driver,	H.	 S.	 (1999).	A	 comparison	of	 sub‐
jective estimates of sleep with objective polysomnographic data in 
healthy men and women. Journal of Psychosomatic Research, 47(4), 
335–341.	https://doi.org/10.1016/S0022‐3999(99)00017‐3
Bastien,	C.	(2001).	Validation	of	the	Insomnia	Severity	Index	as	an	out‐
come measure for insomnia research. Sleep Medicine, 2(4),	297–307.	
https://doi.org/10.1016/S1389‐9457(00)00065‐4
Benjamini,	Y.,	&	Hochberg,	Y.	(1995).	Controlling	the	false	discovery	rate:	
A practical and powerful approach to multiple testing. Journal of the 
Royal Statistical Society. Series B (Methodological), 57(1),	289–300.
Bonnet, M. H. (2005). Acute sleep deprivation. In M. Kryger, T. Roth, & 
W. Dement, (Eds.), Principles and practice of sleep medicine (5th ed., pp. 
54–66).	 Maryland	 Heights,	 MO:	 Elsevier.	 https://doi.org/10.1016/
B978‐1‐4160‐6645‐3.00005‐0
Bonnet,	M.	H.,	Berry,	R.	B.,	&	Arand,	D.	L.	(1985).	Metabolism	during	nor‐
mal, fragmented, and recovery sleep. Journal of Applied Physiology, 
71(3),	1112–1118.
Borbély,	A.	A.,	&	Achermann,	P.	(1999).	Sleep	homeostasis	and	models	of	
sleep regulation. Journal of Biological Rhythms, 14(6),	557–568.	
Brunner,	D.	P.,	Dijk,	D.,	Tobler,	I.,	&	Borbély,	A.	A.	(1990).	Effect	of	partial	
sleep deprivation on sleep stages and EEG power spectra: Evidence 
for non‐REM and REM sleep homeostasis. Electroencephalography 
and Clinical Neurophysiology, 75(6),	 492–499.	 https://doi.
org/10.1016/0013‐4694(90)90136‐8
Buckner,	R.	L.,	Krienen,	F.	M.,	&	Yeo,	B.	T.	T.	(2013).	Opportunities	and	lim‐
itations of intrinsic functional connectivity MRI. Nature Neuroscience, 
16(7),	832–837.	https://doi.org/10.1038/nn.3423
Buysse, D. J., Germain, A., Hall, M., Monk, T. H., & Nofzinger, E. A. (2011). 
A neurobiological model of insomnia. Drug Discovery Today: Disease 
Models, 8(4),	129–137.	https://doi.org/10.1016/j.ddmod.2011.07.002
Buysse,	D.	J.,	Reynolds,	C.	F.,	Monk,	T.	H.,	Berman,	S.	R.,	&	Kupfer,	D.	J.	
(1989).	The	Pittsburgh	sleep	quality	index:	A	new	instrument	psychi‐
atric practice and research. Methods, 28(2),	193–213.
Dang‐Vu, T. T. (2012). Neuronal oscillations in sleep: insights from 
functional neuroimaging. Neuromolecular Medicine, 14(3),	 154–167.	
https://doi.org/ 10.1007/s12017‐012‐8166‐1
De	Havas,	J.	A.,	Parimal,	S.,	Soon,	C.	S.,	&	Chee,	M.	W.	L.	(2012).	Sleep	
deprivation reduces default mode network connectivity and anti‐
correlation during rest and task performance. NeuroImage, 59(2), 
1745–1751.	https://doi.org/10.1016/j.neuroimage.2011.08.026
Diekelmann,	S.,	&	Born,	J.	(2010).	The	memory	function	of	sleep.	Nature 
Reviews: Neuroscience, 11(2),	 114–126.	 https://doi.org/10.1038/
nrn2762
Duyn, J. H. (2012). EEG‐fMRI methods for the study of brain networks 
during sleep. Frontiers in Neurology, 3,	100.	https://doi.org/10.3389/
fneur.2012.00100
Fox,	M.	D.,	Snyder,	A.	Z.,	Vincent,	J.	L.,	Corbetta,	M.,	Van	Essen,	D.	C.,	
& Raichle, M. E. (2005). The human brain is intrinsically organized 
into dynamic, anticorrelated functional networks. Proceedings of the 
National Academy of Sciences of the United States of America, 102(27), 
9673–9678.
Fox,	M.	D.,	Zhang,	D.,	Snyder,	A.	Z.,	&	Raichle,	M.	E.	(2009).	The	global	sig‐
nal and observed anticorrelated resting state brain networks. Journal 
of Neurophysiology, 101(6),	 3270–3283.	 https://doi.org/10.1152/
jn.90777.2008
Glover, G. H., Li, T. Q., & Ress, D. (2000). Image‐based method for ret‐
rospective correction of physiological motion effects in fMRI: 
RETROICOR.	 Magnetic Resonance in Medicine, 44(1),	 162–167.	
https://doi.org/10.1002/1522‐2594(200007)44:1<162:AID‐
MRM23>3.0.CO;2‐E
Gujar,	N.,	Yoo,	S.‐S.,	Hu,	P.,	&	Walker,	M.	P.	(2010).	The	unrested	resting	
brain:	Sleep	deprivation	alters	activity	within	the	default‐mode	net‐
work. Journal of Cognitive Neuroscience, 22(8),	 1637–1648.	 https://
doi.org/10.1162/jocn.2009.21331
Hale,	 J.	 R.,	White,	 T.	 P.,	 Mayhew,	 S.	 D.,	Wilson,	 R.	 S.,	 Rollings,	 D.	 T.,	
Khalsa,	 S.,	 …	 Bagshaw,	 A.	 P.	 (2016).	 Altered	 thalamocortical	 and	
intra‐thalamic functional connectivity during light sleep compared 
with wake. NeuroImage, 125,	 657–667.	 https://doi.org/10.1016/j.
neuroimage.2015.10.041
Hobson,	 J.	 A.	 (2005).	 Sleep	 is	 of	 the	 brain,	 by	 the	 brain	 and	 for	 the	
brain. Nature, 437(7063),	 1254–1256.	 https://doi.org/10.1038/
nature04283
Horovitz,	 S.	 G.,	 Braun,	 A.	 R.,	 Carr,	 W.	 S.,	 Picchioni,	 D.,	 Balkin,	 T.	 J.,	
Fukunaga,	M.,	&	Duyn,	 J.	H.	 (2009).	Decoupling	 of	 the	 brain’s	 de‐
fault mode network during deep sleep. Proceedings of the National 
Academy of Sciences of the United States of America, 106(27),	11376–
11381.	https://doi.org/10.1073/pnas.0901435106
Horovitz,	S.	G.,	Fukunaga,	M.,	de	Zwart,	J.	A.,	van	Gelderen,	P.,	Fulton,	
S.	C.,	Balkin,	T.	J.,	&	Duyn,	J.	H.	(2008).	Low	frequency	BOLD	fluc‐
tuations during resting wakefulness and light sleep: A simultaneous 
EEG‐fMRI study. Human Brain Mapping, 29(6),	671–682.	https://doi.
org/10.1002/hbm.20428
8 of 9  |     WILSON et aL.
Huber, R., Ghilardi, M. F., Massimini, M., Ferrarelli, F., Riedner, B. A., 
Peterson, M. J., & Tononi, G. (2006). Arm immobilization causes cor‐
tical plastic changes and locally decreases sleep slow wave activity. 
Nature Neuroscience, 9(9),	1169–1176.
Johns,	M.	W.	 (1991).	A	new	method	for	measuring	daytime	sleepiness:	
The Epworth sleepiness scale. Sleep, 14(6),	 540–545.	 https://doi.
org/10.1093/sleep/14.6.540
Kaufmann, T., Elvsåshagen, T., Alnæs, D., Zak, N., Pedersen, P. Ø., 
Norbom, L. B., … Westlye, L. T. (2015). The brain functional connec‐
tome is robustly altered by lack of sleep. NeuroImage, 127,	324–332.	
https://doi.org/10.1016/j.neuroimage.2015.12.028
Khalsa,	S.,	Mayhew,	S.	D.,	Chechlacz,	M.,	Bagary,	M.,	&	Bagshaw,	A.	P.	
(2014). The structural and functional connectivity of the posterior 
cingulate cortex: Comparison between deterministic and proba‐
bilistic tractography for the investigation of structure‐function re‐
lationships. NeuroImage, 102,	 118–127.	 https://doi.org/10.1016/j.
neuroimage.2013.12.022
Khalsa,	S.,	Mayhew,	S.	D.,	Przezdzik,	I.,	Wilson,	R.,	Hale,	J.,	Goldstone,	A.,	
… Bagshaw, A. P. (2016). Variability in cumulative habitual sleep du‐
ration predicts waking functional connectivity. Sleep, 39(01),	87–95.	
https://doi.org/10.5665/sleep.5324
Killgore,	W.	D.	S.,	Schwab,	Z.	 J.,	&	Weiner,	M.	R.	 (2012).	Self‐reported	
nocturnal sleep duration is associated with next‐day resting state 
functional connectivity. NeuroReport, 23(13),	 741–745.	 https://doi.
org/10.1097/WNR.0b013e3283565056
Killgore,	 W.	 D.	 S.,	 Vanuk,	 J.	 R.,	 Knight,	 S.	 A.,	 Markowski,	 S.	 M.,	
Pisner,	 D.,	 Shane,	 B.,	 …	 Alkozei,	 A.	 (2015).	 Daytime	 sleepiness	
is associated with altered resting thalamocortical connectiv‐
ity. NeuroReport, 26(13),	 779–784.	 https://doi.org/10.1097/
WNR.0000000000000418
Klerman, E. B., & Dijk, D.‐J. (2005). Interindividual variation in sleep dura‐
tion and its association with sleep debt in young adults. Sleep, 28(10), 
1253–1259.	https://doi.org/10.1093/sleep/28.10.1253
Larson‐Prior,	L.	J.,	Power,	J.	D.,	Vincent,	J.	L.,	Nolan,	T.	S.,	Coalson	R.	S.,	
Zempel,	J.,	…	Petersen,	S.	E.	(2011).	Modulation	of	the	brain's	func‐
tional network architecture in the transition from wake to sleep. 
Progress in Brain Research, 193,	 277–294.	 https://doi.org/10.1016/
B978‐0‐444‐53839‐0.00018‐1
Larson‐Prior,	L.	J.,	Zempel,	J.	M.,	Nolan,	T.	S.,	Prior,	F.	W.,	Snyder,	A.	Z.,	
&	Raichle,	M.	E.	(2009).	Cortical	network	functional	connectivity	in	
the descent to sleep. Proceedings of the National Academy of Sciences 
of the United States of America, 106(11),	 4489–4494.	 https://doi.
org/10.1073/pnas.0900924106
Mandelkow, H., Halder, P., Boesiger, P., & Brandeis, D. (2006). 
Synchronization	facilitates	removal	of	MRI	artefacts	from	concurrent	
EEG recordings and increases usable bandwidth. NeuroImage, 32(3), 
1120–1126.	https://doi.org/10.1016/j.neuroimage.2006.04.231
Marques, D. R., Gomes, A. A., Caetano, G., & Castelo‐Branco, M. 
(2018). Insomnia Disorder and Brain’s Default‐Mode Network. 
Current Neurology and Neuroscience Reports, 18(8), 45. https://doi.
org/10.1007/s11910‐018‐0861‐3
Mullinger,	K.	J.,	Morgan,	P.	S.,	&	Bowtell,	R.	W.	(2008).	Improved	artifact	
correction for combined electroencephalography/functional MRI by 
means of synchronization and use of vector cardiogram recordings. 
Journal of Magnetic Resonance imaging, 27(3),	 607–616.	 https://doi.
org/ 10.1002/jmri.21277
Nissen,	 C.,	 Kloepfer,	 C.,	 Feige,	 B.,	 Piosczyk,	 H.,	 Spiegelhalder,	 K.,	
Voderholzer,	U.,	&	Riemann,	D.	 (2011).	Sleep‐related	memory	con‐
solidation in primary insomnia. Journal of Sleep Research, 20(1 Pt 2), 
129–136.	https://doi.org/10.1111/j.1365‐2869.2010.00872.x
Nissen, C., Kloepfer, C., Nofzinger, E. A., Feige, B., Voderholzer, U., & 
Riemann, D. (2006). Impaired sleep‐related memory consolidation in 
primary	insomnia–a	pilot	study.	Sleep, 29(8),	1068–1073.	https://doi.
org/10.1093/sleep/29.8.1068
Ohayon,	M.	M.	 (2002).	Epidemiology	of	 insomnia:	What	we	know	and	
what we still need to learn. Sleep Medicine Reviews, 6(2),	 97–111.	
https://doi.org/10.1053/smrv.2002.0186
Ohayon,	 M.	 M.	 (2009).	 Pain	 sensitivity,	 depression,	 and	 sleep	
deprivation: Links with serotoninergic dysfunction. Journal of 
Psychiatric Research, 43(16),	 1243–1245.	 https://doi.org/10.1016/j.
jpsychires.2009.10.007
Ohayon,	 M.	 M.,	 &	 Reynolds,	 C.	 F.	 (2009).	 Epidemiological	 and	 clini‐
cal relevance of insomnia diagnosis algorithms according to the 
DSM‐IV	 and	 the	 International	 Classification	 of	 Sleep	 Disorders	
(ICSD).	 Sleep Medicine, 10(9),	 952–960.	 https://doi.org/10.1016/j.
sleep.2009.07.008
Picchioni,	D.,	Duyn,	J.	H.,	&	Horovitz,	S.	G.	(2013).	Sleep	and	the	functional	
connectome. NeuroImage, 80,	 387–396.	 https://doi.org/10.1016/j.
neuroimage.2013.05.067
Picchioni,	D.,	Fukunaga,	M.,	Carr,	W.	S.,	Braun,	A.	R.,	Balkin,	T.	J.,	Duyn,	
J.	H.,	&	Horovitz,	S.	G.	(2008).	fMRI	differences	between	early	and	
late stage‐1 sleep. Neuroscience Letters, 441(1),	 81–85.	 https://doi.
org/10.1016/j.neulet.2008.06.010
Regen,	W.,	Kyle,	 S.	D.,	Nissen,	C.,	 Feige,	B.,	 Baglioni,	C.,	Hennig,	 J.,	…	
Spiegelhalder,	K.	(2016).	Objective	sleep	disturbances	are	associated	
with greater waking resting‐state connectivity between the retro‐
splenial cortex/ hippocampus and various nodes of the default mode 
network. Journal of Psychiatry and Neuroscience, 41(5),	 295–303.	
https://doi.org/10.1503/jpn.140290
Sadeh,	A.	(2011).	The	role	and	validity	of	actigraphy	in	sleep	medicine:	
An update. Sleep Medicine Reviews, 15(4),	 259–267.	 https://doi.
org/10.1016/j.smrv.2010.10.001
Sadeh,	A.,	Hauri,	P.	 J.,	Kripke,	D.	F.,	&	Lavie,	P.	 (1995).	The	 role	of	 ac‐
tigraphy in the evaluation of sleep disorders. Sleep, 18(4),	288–302.	
https://doi.org/10.1093/sleep/18.4.288
Sämann,	 P.	 G.,	 Tully,	 C.,	 Spoormaker,	 V.	 I.,	Wetter,	 T.	 C.,	 Holsboer,	 F.,	
Wehrle, R., & Czisch, M. (2010). Increased sleep pressure reduces 
resting state functional connectivity. Magnetic Resonance Materials 
in Physics, Biology and Medicine, 23(5‐6),	 375–389.	 https://doi.
org/10.1007/s10334‐010‐0213‐z
Sämann,	P.	G.,	Wehrle,	R.,	Hoehn,	D.,	Spoormaker,	V.	I.,	Peters,	H.,	Tully,	
C., … Czisch, M. (2011). Development of the brain’s default mode 
network from wakefulness to slow wave sleep. Cerebral Cortex, 21(9),	
2082–2093.	https://doi.org/10.1093/cercor/bhq295
Smith,	S.	M.,	Jenkinson,	M.,	Woolrich,	M.	W.,	Beckmann,	C.	F.,	Behrens,	
T. E., Johansen‐Berg, H., … Matthews, P. M. (2004). Advances in 
functional and structural MR image analysis and implementation as 
FSL.	NeuroImage, 23(Suppl	1),	S208–S219.
Spoormaker,	V.	I.,	Czisch,	M.,	Maquet,	P.,	&	Jancke,	L.	(2011).	Large‐scale	
functional brain networks in human non‐rapid eye movement sleep: 
Insights from combined electroencephalographic/functional mag‐
netic resonance imaging studies. Philosophical Transactions. Series A, 
Mathematical, Physical, and Engineering Sciences, 369(1952),	 3708–
3729.	https://doi.org/10.1098/rsta.2011.0078
Spoormaker,	 V.	 I.,	 Gleiser,	 P.	 M.,	 &	 Czisch,	 M.	 (2012).	 Frontoparietal	
connectivity and hierarchical structure of the brain’s functional net‐
work during sleep. Frontiers in Neurology, 3(2),	202–206.	https://doi.
org/10.3389/fneur.2012.00080
Spoormaker,	V.	I.,	Schroter,	M.	S.,	Gleiser,	P.	M.,	Andrade,	K.	C.,	Dresler,	
M., Wehrle, R., … Czisch, M. (2010). Development of a large‐scale 
functional brain network during human non‐rapid eye movement 
sleep. The Journal of Neuroscience: the Official Journal of the Society 
for Neuroscience, 30(34),	 11379–11387.	 https://doi.org/10.1523/
jneurosci.2015‐10.2010
Uehara,	T.,	Yamasaki,	T.,	Okamoto,	T.,	Koike,	T.,	Kan,	S.,	Miyauchi,	S.,	…	
Tobimatsu,	S.	(2014).	Efficiency	of	a	"small‐world"	brain	network	de‐
pends on consciousness level: A resting‐state fMRI study. Cerebral 
Cortex, 24(6),	1529–1539.	https://doi.org/10.1093/cercor/bht004
     |  9 of 9WILSON et aL.
Ward,	 A.	M.,	McLaren,	 D.	 G.,	 Schultz,	 A.	 P.,	 Chhatwal,	 J.,	 Boot,	 B.	 P.,	
Hedden,	T.,	…	Sperling,	R.	A.	(2013).	Daytime	sleepiness	is	associated	
with decreased default mode network connectivity in both young 
and cognitively intact elderly subjects. Sleep, 36(11),	 1609–1615.	
https://doi.org/10.5665/sleep.3108
Wilson,	R.	S.,	Mayhew,	S.	D.,	Rollings,	D.	T.,	Goldstone,	A.,	Przezdzik,	I.,	
Arvanitis, T. N., & Bagshaw, A. P. (2015). Influence of epoch length on 
measurement of dynamic functional connectivity in wakefulness and 
behavioural validation in sleep. NeuroImage, 112,	 169–179.	https://
doi.org/10.1016/j.neuroimage.2015.02.061
Wulff,	 K.,	Gatti,	 S.,	Wettstein,	 J.	G.,	&	 Foster,	 R.	G.	 (2010).	 Sleep	 and	
circadian rhythm disruption in psychiatric and neurodegenerative 
disease. Nature Reviews. Neuroscience, 11(8),	 589–599.	 https://doi.
org/10.1038/nrn2868
Yeo, B. T. T., Tandi, J., & Chee, M. W. L. (2015). Functional connec‐
tivity during rested wakefulness predicts vulnerability to sleep 
deprivation. NeuroImage, 111,	 147–158.	 https://doi.org/10.1016/j.
neuroimage.2015.02.018
How to cite this article:	Wilson	RS,	Mayhew	SD,	Rollings	DT,	
Goldstone	A,	Hale	JR,	Bagshaw	AP.	Objective	and	subjective	
measures	of	prior	sleep–wake	behavior	predict	functional	
connectivity in the default mode network during NREM 
sleep. Brain Behav. 2018;e01172. https://doi.org/10.1002/
brb3.1172
